Introduction
Readily-available fresh water sources are steadily declining in many regions worldwide, with projections that over 3.6 billion people will live in water-scarce areas by 2050 (OECD 2012) . Although the agricultural sector is at present the largest water consumer (70% of global use), growing urbanisation has led to a significant increase in water demand, particularly in large conurbations (McDonald et al. 2014 , United Nations 2018 . Combined with poor water quality in many regions, this has led to wastewater reuse being considered as a feasible option for increasing freshwater availability (Garcia & Pargament 2015 , Voulvoulis 2018 , particularly for irrigation, which is increasing rapidly in Europe, United States, Australia and China (Zhang & Shen 2017) . More recently, wastewater reuse to increase potable water supplies has also been proposed due to technological improvements (Binz et al. 2016 , Harris-Lovett et al. 2015 , Smith et al. 2018 . Successful examples of this practice can already be found in several cities in the United States, Namibia and South Africa, and is considered as an option in many others (Lahnsteiner et al. 2018 ).
However, conventional WWTPs cannot achieve the quality standards required for potable water and advanced effluent treatment techniques must be used to remove pathogens, heavy metals and other contaminants, including pharmaceutical and personal care products (PPCPs). PPCPs are a diverse group of substances that include analgesics, antibiotics, hormones, stimulants and antiseptics, usually present in WWTPs influents at concentrations below µg/L (Bailey et al. 2018 , Khan 2013 , 2 Soller et al. 2017 , Tran et al. 2018 . PPCPs are of particular concern as their presence in WWTPs effluents is increasing fast. This is due to a growing consumption of PPCPs and the subsequent human excretion of their compounds which reach WWTPs via municipal wastewaters (Lyons 2014 , Pereira et al. 2017 ). Many of these substances have low removal efficiencies in conventional WWTPs and are often found in the environment, posing ecotoxicological risks (Archer et al. 2017 .
A further attraction of WWTPs is that they produce sludge which can be used to recover valuable resources, such as nutrients, energy, fuels and chemicals. This is particularly important as these resources are becoming constrained in many world regions, including phosphorus (Elser & Bennett 2011) and energy (Umbach 2010) . Decentralised approaches to sludge treatment are being developed and are expected to have high penetration in developing countries in the future (Larsen et al. 2016 , Libralato et al. 2012 , Simha & Ganesapillai 2017 . However, in most developed countries, centralised sludge treatment is expected to continue to play a major role for most of the sludge produced in these regions due the already existing infrastructure (Mo & Zhang 2013 , Van Der Hoek et al. 2016 . Presently, most sludge from biological wastewater treatment in Europe is either landfilled, incinerated or reused in agriculture (comprising 90% of their final destination in 2005) (Kelessidis & Stasinakis 2012) . These methods are riddled with the issues, such as the presence of pathogens, heavy metals, PPCPs, dioxins and other hazardous substances in the sludge, land occupation by landfills and leachates, pollution from incineration and associated health and socialacceptance concerns (eawag 2014). To address some of these problems, advanced sludge treatment techniques aimed at resource recovery and reduction of contaminants have been developed. Although still limited in commercial applications, examples of these treatment options include a pyrolysis plant in Perth, Australia (Fonts et al. 2012 ) and wet air oxidation facilities in France, Belgium and Italy (Hii et al. 2014 ).
Studies on the economics of advanced wastewater and sludge treatment methods are scarce. Estimates of costs for advanced wastewater treatment have been reported for granular activated carbon (Jeswani et al. 2015) , nanofiltration (Bruggen et al. 2001) , solar photo-Fenton and ozonation (Miralles-Cuevas et al. 2016) . For the sludge treatments, only estimates for the most common methods -anaerobic digestion, composting and incineration -can be found (Lundin et al. 2004 , Murray et al. 2008 , Hong et al. 2009 , Xu et al. 2014 , with the first study being located in Europe and the other three in China and Japan. While these studies provide useful data, they have all used different assumptions and estimation methodologies and are based in different regions, not allowing comparisons among the techniques. Costs of technologies, such as pyrolysis and wet air oxidation, are not available in the literature.
To address these issues and fill knowledge gaps, this paper presents the life cycle costs (LCC) of a number of large-scale centralized advanced wastewater and sludge treatment techniques, with the aim of identifying economically most sustainable options and informing their future development. The advanced wastewater treatment options considered here are: i. granular activated carbon (GAC); ii. nanofiltration (NF); iii. solar-photo Fenton (SPF); and iv. ozonation. They were selected because they are either well established (i and ii) or are considered most promising methods for wastewater reuse (iii and iv). They are also all capable of treating wastewater to levels similar to potable-water standards and are efficient in removing PPCP compounds (González et al. 2015 , Lofrano 2012 . For the sludge treatment, the following methods are included: i. agricultural application of anaerobic digested sludge; ii. agricultural application of composted sludge; iii. incineration; iv. pyrolysis; and v. wet air oxidation. These were chosen here because they enable recovery of various resources (nutrients, energy, fuels and/or chemicals), with i-iii being currently most widely practiced in Europe (Kelessidis & Stasinakis 2012) and iv and v considered promising techniques that could play a greater role in the future (Fytili & Zabaniotou 2008 , Tyagi & Lo 2013 As far as the authors are aware, this the first study to consider LCC of these methods, combining both wastewater and sludge treatment within the same estimation framework.
Methods

2.1
Goal and scope of the study The goal of the study was to estimate the life cycle costs of the selected advanced wastewater treatment methods aimed at wastewater reuse and sludge handling techniques aimed at resource recovery. As illustrated in Figure 1 , the scope was from cradle to grave, comprising plant construction and operation, periodic equipment replacement, waste management and recovery of resources. Decommissioning of treatment plants was not considered due to a lack of data and high uncertainty of these costs at the end of their useful lifetime. The sludge treatment systems were credited for the revenue from the sales of the recovered resources but not the advanced wastewater plants for the recovery of potable water for the reasons discussed in the next section. As the focus of the study is on centralised treatments, it was assumed that the advanced treatment plants are coupled with conventional WWTPs serving 150,000 inhabitants and treating 64,000 m 3 /day of wastewater, which generates 7,500 kg/day of sludge (on a dry basis). This scale of the plant was selected for the following three key reasons. First, it was assumed that the secondary treatment was carried out in a membrane bioreactor (MBR) which is more effective in reducing total suspended solids, biochemical oxygen demand and organic compounds than the standard activated sludge process (Hai & Yamamoto 2011 , Laera et al. 2012 ) and hence enables a more efficient operation of the advanced treatments. Secondly, the plants were assumed to be located in the UK, where the average capacity of WWTPs corresponds to the chosen size of the plant (DEFRA 2012). Finally, this size is also suitable as some of the advanced treatment techniques are not yet available for treating larger amounts of effluent or sludge.
Figure 1 -System boundaries and life cycle stages considered in the study (System credits apply only to sludge treatment. Plant decommissioning is excluded from the system boundary. T: transport. For transport details, see Table 3) The functional unit for the advanced wastewater treatment was defined as the "treatment of 1,000 m 3 of effluent from conventional wastewater treatment". For sludge, the functional unit was "treatment of 1,000 kg of thickened sludge on a dry basis". Based on Bonton et al. (2012) , the lifetime of the advanced treatment plants was assumed to be 60 years, matching the lifetime of conventional WWTPs (Pasqualino et al. 2009 ). This lifetime refers to the infrastructure only, with the equipment replacements considered as detailed in a subsequent section. For the sludge treatment facilities, the same timeline of 60 years was considered but as their actual lifetime is 30 years (Wang et al. 2008) , two plants need to be built over the period.
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The following section gives a brief overview of the treatment techniques considered, followed by a description of the methodology and data used for the estimation of LCC.
2.2
Overview of treatment methods Figure 2 shows the advanced wastewater and sludge treatment options considered in the study and where they fit within a WWTP. A brief description of each option is given below, following the overview in Figure 3 and Figure 4 , respectively.
Advanced wastewater treatment
i) The GAC treatment begins with water pre-coagulation with aluminium sulphate, after which the effluent is passed through GAC columns. The treated effluent is then balanced for pH and disinfected with chlorine. The spent GAC is regenerated and eventually disposed of in a landfill.
ii) NF relies on membranes to remove contaminants from the effluent. First, the wastewater is passed through a series of pre-filters under high pressure to remove particles and then through the membranes to remove the contaminants. The treated effluent is then balanced for pH and disinfected. The membranes are cleaned using chemical agents to maintain the pressure drop and the efficiency of treatment; at the end of their useful lifetime they are incinerated.
iii) The SPF process starts with pH balancing with sulphuric acid, followed by solar-aided catalysis with hydrogen peroxide and iron sulphate. The mixture is left to react in controlled-flux solar panels. The precipitate (mostly iron hydroxide) is removed and landfilled and the effluent is again balanced for pH. iv) Ozonation uses ozone to decompose contaminants and disinfect the effluent. The ozone is typically produced onsite from air using ozone generators. After the treatment, sodium hydroxide is added to the effluent for pH balancing. 2.2.2 Sludge treatment i) Anaerobic digestion of sludge involves anaerobic digestion of sludge, followed by its dewatering in a belt filter. The sludge is then transported and stored at farms prior to land application as fertiliser. Biogas produced in the digester is used to supply the heat to the plant and the excess is burned to generate electricity. The digested sludge is considered to be of high-quality and applied on land following regulations to avoid pathogens contamination and eutrophication of nearby freshwaters (Iranpour et al. 2004 , Lu et al. 2012 .
ii) Sludge composting is carried out aerobically in a composter, such as an inclined rotating cylinder, normally over the period of one week. Sawdust or another bulking agent is added to the sludge prior to composting to adjust the moisture content and carbon-to-nitrogen ratio. The compost is then transferred to windrows, where it is left for around 12 weeks to complete the composting process. The finished compost is used as soil conditioner. As for the anaerobically digested sludge, the compost is applied onto land following regulations to avoid pathogens contamination and eutrophication (Iranpour et al. 2004 , Lu et al. 2012 ).
iii) Incineration recovers heat and electricity by combusting sludge. To increase the efficiency of energy recovery, before being incinerated the sludge is mixed with a dewatering agent and dewatered in centrifuges. The bottom ash is landfilled and fly ash is stored underground as hazardous waste.
iv) Pyrolysis starts with the dewatering of sludge in a filter press, followed by its thermal drying. The recovered resources are heat, bio-char and bio-oil which can be used to replace natural gas heating, charcoal and fuel oil, respectively. The residual waste is landfilled.
v) Wet air oxidation involves oxidation in a reactor where the sludge is mixed with air at high temperature and pressure. The output of this process is a carbon-rich effluent which can be used as a substitute for methanol in the denitrification process in WWTPs (Houillon & Jolliet 2005) . The residual waste is landfilled.
2.3
LCC estimation and data Following the methodological framework in Swarr et al. (2011) , the LCC costs were estimated as follows:
LCC = CC + IRC + FC + VC + WMC + TC -S
(£/functional unit)
where: LCC total life cycle costs CC capital costs IRC infrastructure replacement costs FC fixed operating costs VC variable operating costs (advanced wastewater treatment methods only) WMC waste management costs TC transport costs S revenue from the sales of recovered products (sludge treatment methods only).
The capital costs CC are the costs of plant infrastructure, including the buildings, equipment and supporting parts; they are detailed in Table 1 . The infrastructure replacement costs IRC for the advanced wastewater treatment plants represent the expenditure for replacing the equipment and other supporting infrastructure, assumed to occur every 15 years over the 60 year lifespan. For sludge treatment plants, the IRC refer to the cost of replacing the whole plant after 30 years.
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Equipment replacements in between were not considered due to a lack of data. The IRC are given in Table 2 . Filter press, thermal dryer and pyrolysis unit -Hung et al. Table A1 in the Appendix) and nanofiltration membranes (a range of values considered: min/mean/max = 5/10/15 years). For the sludge treatment, the total lifespan is 30 years so that the whole plant is replaced after 30 years; no equipment replacements were considered in between.
The fixed operating costs FC relate to the cost of materials and energy which are used regardless of the level of treatment of water or sludge (e.g. electricity for pumping or a dewatering agent). On the other hand, the variable operating costs VC refer to the materials and energy whose usage varies depending on the level of wastewater treatment needed to obtain a certain quality of the effluent; thus, these costs are only applicable to the wastewater treatment methods. The data for the operating 8 parameters for the wastewater plants can be found in Table 3 and for sludge processing in Table 4 ; the corresponding FC and VC are detailed in Table 5-Table 7 . To account for the uncertainty in the sourcing (origin) of different materials and chemicals, both UK production and imports from China were considered, the latter being a significant exporter of goods worldwide. As can be seen in Table  5 , there is a large difference between the costs in the respective countries so that the average values were used for the estimation in the base case; the effect of these differences on the LCC was considered in a sensitivity analysis. Transport of spiral-wound membranes to the treatment plant is not included. d Data from Bonton et al. (2012) and/or Cyna et al. (2002) . e Variation in the incinerated weight for different membrane's lifetime assumed negligible. f Data based on Klamerth (2011 ), Trovó et al. (2013 , Ribeiro et al. (2015) and Muñoz et al. (2007) . g The needed amount GAC was estimated considering a maximum of 10 regeneration cycles every 110 to 330 days, with a 10% loss in each cycle; for details, see Table A1 in the Appendix. h Data on membrane use sourced from Bonton et al. (2012) and Elazhar et al. (2009) . Membrane replacement periods: min/mean/max = 5/10/15 years. i Electricity consumption to generate ozone assumed at 16.5 kWh/kg ozone. For ozone dosage and transfer efficiencies, see Table A1 in the Appendix.
The costs of waste management WMC include landfilling and incineration of waste and they are shown in Table 8 , together with the transportation costs TC, which include transport of materials, chemicals and wastes; transport of recovered resources to the point of sale is excluded. The infrastructure for heat and electricity distribution is also excluded as that is already in existence regardless of sludge treatment.
The sludge treatment plants were credited for the revenue S from the sales of recovered resources, based on their amounts (Table 4 ) and the market prices of the products that they potentially replace ( Table 9 ). The water treatment plants were not credited for a potential revenue from selling tap water as wastewater is currently not used for this purpose in the UK. In addition, new infrastructure 9 would be required to enable distribution of tap water from wastewater treatment plants to the potable distribution network and the cost data for this were not available. There are also regulatory and consumer perception issues which would need to be resolved before wastewater can be reclaimed as tap water. By contrast, the recovery of resources from sludge is well established and most of the co-products are used commercially, including in agriculture and for energy supply.
As some operating parameters vary significantly for some of the treatment methods, a range of values were considered as specified in Table 3 . The amount of the recovered resources sold was also varied, ranging from complete to no sale of products (see Table 4 ). Labour costs for the operation of the plants were not included as it was assumed that they were similar across the methods considered, given that they would be integrated within a conventional WWTP. However, it is acknowledged that some of the methods may incur higher labour costs due to the need for a specialised workforce or more intensive maintenance. As mentioned earlier, the decommissioning costs were also excluded due to their uncertainty over the 60-year period. For the same reasons, the end-of-life value of the facility was not considered either. Hospido et al. (2005) . The amount of recovered fertiliser was estimated from the P and K content (~16 kg/1,000 kg DM). The data for electricity recovery potential sourced from Houdková et al. (2008) . b Data sourced from Sablayrolles et al. (2010) . The fertiliser recovery was assumed with half the content of P and N compared to the compost from anaerobic digestion (8 kg/1,000 kg DM) but the with same recovery range (0 to 100 kg of NPK). c Data sourced from Hospido et al. (2005) . The range of heat-to-electricity recovery based on fluidised bed combustion in Houdková et al. (2008) . UK heat distribution coverage: ~ 1% of the population. d Data sourced from Hospido et al. (2005) . e Data sourced from Houillon & Jolliet (2005) . Methanol avoided estimate using the energy content of methanol (35 MJ/kg) recovered by the process (7.5 GJ). f Nil/mean/maximum values. g Transport distances for the chemicals assumed at 200 km and for sludge to agricultural fields at ~ 30 km. For pyrolysis, transport of minimum/mean/maximum amount of inert waste considered. Transport of recovered resources to the point of sale is excluded. 
Results and discussion
The life cycle costs of the wastewater and sludge treatment methods are summarised in Figure 5 and Figure 6 , respectively, showing the contribution of different life cycle stages and the range of costs, depending on the assumptions for the operating variables and the sale of the recovered resources.
The results are discussed in the next sections, first for the wastewater and then for the sludge treatment techniques. The discussion refers to the mean values of the parameters in Table 3 and  Table 4 , respectively.
3.1 Advanced effluent treatment As can be seen in Figure 5 , the lowest LCC were found for ozonation (£112/1,000 m 3 ) and the highest for SPF (£238/1,000 m 3 ), followed closely by GAC (£205/1,000 m 3 ). The mean costs of NF are estimated at £134/1,000 m 3 . However, taking into account the variation in their operating parameters (see Table 3 ) the GAC costs in the best case (£171/1,000 m 3 ) approach the costs of ozonation at its worst operating conditions (£167). In the best case, the costs of SPF (£148/1,000 m 3 ) are also comparable with the maximum NF costs (£153). However, ozonation is by far the cheapest option assuming its best performance, costing only £52/1,000 m 3 .
As also shown in Figure 5 , the main contributor to the total LCC are the operating costs (~80%-90%) for all the treatment methods. On average, GAC and SPF are the most costly to operate (~£187/1,000 m 3 ) and ozonation is the least expensive (£100). For GAC, 45% of the total cost is due to aluminium sulphate used for coagulation ( Figure 7 ) and 20% due to the other chemicals used in the process. The regeneration of the spent carbon contributes 18% to the total, with the cost of the fresh adsorbent adding a further 7%. In the case of SPF, hydrogen peroxide represents 38% of the total costs and iron sulphate (catalyst) 13%. For NF, chemicals account for 50%, electricity ~30% and the membranes only 3% of the total LCC. The majority of the costs for ozonation are due to electricity (65%) and sodium hydroxide (20%).
Transport costs are significant (contributing ≥ 10% to total LCC) only for GAC and SPF. For the former, this is due to the transport of fresh GAC which is imported from Germany and for the latter because of the relatively large quantity of chemicals that need to be transported to the plant. The construction, infrastructure replacements and waste management costs have a minor contribution to the total LCC for GAC. SPF is the most expensive plant to build (£6.7/1,000 m 3 ), followed by NF (£2.7/1,000 m 3 ). Table 3 ). Table 3 ).
3.2
Sludge treatment For the mean amount of recovered products, pyrolysis is the best sludge treatment option with an overall negative LCC, or a net profit of £64.5 per 1,000 kg dry matter (DM); see Figure 6 . Anaerobic digestion is the next least costly alternative with £17.6, followed by wet air oxidation at £53.9. Composted sludge is the most expensive method with the costs estimated at £98.9/1,000 kg DM. However, the costs vary widely, particularly for anaerobic digestion and pyrolysis, depending on the assumptions for the sales of the recovered products. For example, in the best case for pyrolysis, its profit increases more than four-fold, from £64.5 to £291/1,000 kg DM, but in the worst case its LCC costs are equal to £162/1,000 kg. For anaerobic digestion, the LCC values range from around -£64.6 to around £99.8 per 1,000 kg DM.
Assuming the least favourable conditions for composting, its costs reach £120.2 but are still below those of wet air oxidation (~£134) at similar conditions. For the maximum recovery of fertiliser value from sludge, the costs of composting reduce to £35.2/1,000 kg DM. The LCC for incineration in the best case with complete recovery of products (£54.3) are comparable to the mean costs of wet air oxidation, at £53.9/1,000 kg DM. The latter can achieve negative LCC costs (profit) of -£26.4 at the most favourable conditions. Like the wastewater treatment techniques, the operating costs are also the main contributor to the LCC of the sludge handling methods (Figure 8) , with a greater share for composting (>80%) than for the other options (~40%-80%). The capital and infrastructure replacement costs are also significant, adding between 15% and 30% to the total. Pyrolysis and wet air oxidation are the most expensive plants to build (£22 and £23.4/1,000 kg DM). Transport is the most significant for the digested sludge and compost, contributing ~ 20%-25%, mainly due to their transport to the farm. It also contributes 18% to the costs of incineration because of the transport of ash to disposal. Waste management costs are insignificant for most options except for incineration, where they contribute 10%. This suggests that the additional costs of managing waste are low, which in itself should be an incentive. However, the other costs are higher, so other, external incentives would be needed for the whole system, not just for the waste management part of the life cycle. Figure 8 , electricity is an important cost factor for all the alternatives, contributing from 10% in the digested sludge system to over 40% in wet air oxidation. The only exception to this is incineration where it contributes around 5% to the total. The costs of natural gas for sludge drying are notable for pyrolysis, contributing nearly 15%. The revenue from the recovered products reduces the costs on average by 15% to 60% across the treatment options. Table 4 ).
As indicated in
3.3
Comparison of results with literature As mentioned in the introduction, LCC studies of advanced wastewater and sludge treatment technologies are scarce, differing in age, geographical focus, methodologies and assumptions. Therefore, the discussion below should be interpreted with that in mind.
The operating cost for GAC found in the literature range from around £45 to £90/1,000 m 3 , depending on whether GAC regeneration is considered (Jeswani et al. 2015) . This is between two and four times lower than the operating costs estimated in this work. The difference is due to many different assumptions, including the high cost of aluminium sulphate which was not considered in the other studies. Typical costs for nanofiltration range from £90-£160/1,000 m 3 (Bellona et al. 2012 , Bruggen et al. 2001 , which is within the range estimated in this study (£118-£153). The costs of solar-photo Fenton and ozonation reported in Miralles-Cuevas et al. (2016) are £450 and £220/1,000 m 3 , respectively, both of which are two times higher than here. These differences might be due to the energy costs and the assumed plant lifespan. However, the factor of two difference between the costs of SPF and ozonation found by Miralles-Cuevas and co-workers is congruent with the findings in the present study.
The costs for sludge handling estimated here are in the range or below the values reported in the literature. For example, Healy et al. (2008) calculated the costs of anaerobic digestion and composting between £110 and £195/1,000 kg DM if the fertiliser was not recovered. This compares well with £99.8 for digestion and £120.2/1,000 kg for composting estimated here for the same conditions (noting that Healy et al. did not consider LCC). In China Xu et al. (2014) found costs for anaerobic digestion followed by agricultural application to be £40-£90/1,000 kg depending on the energy recovery potential, also within the range estimated in this work. If recovery of the fertiliser is possible, Lundin et al. (2004) found that the LCC costs of anaerobic digestion could be as low as £80/1,000 kg DM. This is higher than the equivalent costs in this study of -£64.6/1,000 kg DM which is due to the different assumptions for product recovery as well as the dated costs in the Lundin et al. study. Sludge incineration costs in Europe range from £300 to £400/1,000 kg DM (RPA et al. 2008 ) which is 2-3 times higher than the estimates here. In China, the LCC of incineration without energy recovery were found to range from £75-£220/1,000 kg (Murray et al. 2008 , Xu et al. 2014 . These difference in costs are possibly due to the different assumptions and types of technology considered. If electricity and heating are recovered during incineration, Lundin et al. (2004) estimate that the LCC costs can be £180/1,000 kg, significantly higher than the value of £102 for no recovery calculated in this work. This could be again due to different considerations for product recovery, technology assessed and data sources.
3.4 Sensitivity analysis As shown in the previous section, energy and materials contribute significantly to the overall costs of the treatment methods. Therefore, the variations in their costs are considered as part of the sensitivity analysis below. In addition, the effect on the costs of treated-sludge transportation is also evaluated as the actual distances may vary from those assumed in the study.
Energy costs
The costs of energy were varied for all the options between the minimum and maximum values given in Table 6 and the results can be seen in Figure 9a&b . For the advanced wastewater treatment techniques, the greatest effect on the total LCC was found for ozonation, which in the best case decreased by 13% from £112 to £97/1,000 m 3 and, in the worst, increased by 12% to £127/1,000 m 3 ( Figure 9a ). This is due solely to the electricity cost as no other forms of energy are used in this process. Still, this alternative remains overall the cheapest wastewater treatment technique. Likewise, the costs of NF, also reliant on electricity, are affected by the variation in the electricity prices, ranging from £126 to £142/1,000 m 3 , compared to the average value of £134. However, the effect on the costs of the other two alternatives is negligible (<0.5%).
For the sludge treatment methods, the greatest effect of energy prices is on pyrolysis due to its dependence on both electricity and natural gas, with the LCC ranging from -£42 to -£87/1,000 kg DM (Figure 9b ). The total costs of composting vary with the energy costs by approximately 12% and of wet air ozonation by 30%. However, the ranking of the options remains the same as before.
Therefore, these results suggest that the variation in energy costs does not affect the overall costs significantly and the ranking of the options is preserved across the range of the cost values (for the mean operating parameters). 
Costs of chemicals
Like the high energy users, the alternatives relying heavily on chemicals are most influenced by their price variation. This is particularly noticeable for the GAC system which uses a significant amount of aluminium sulphate, the price of which varies widely (see Table 5 ). Figure 10 shows that the LCC of the GAC treatment range from £120 (imports from China) to £289/1,000 m 3 (UK production) at its mean operating requirements, representing a variation in the total costs of 30%-70%. This means that in the best case, GAC is comparable to ozonation, which is on average the best option, and it becomes cheaper than NF. However, at the highest costs of chemicals, it is the most expensive option.
NF and SPF are also sensitive to the costs of chemicals, with their total LCC varying ±31% and ±17%, respectively, or by around £41/1,000 m 3 . This is mostly due to the cost of carbon dioxide and calcium hydroxide used in the former and sodium hydroxide and sulphuric acid in the latter system. Ozonation is not affected by the costs of chemicals.
Among the sludge treatment techniques, incineration is the only option affected by the costs of chemicals ( Figure 10 ) but only to a small degree (~10%), mostly due to sodium hydroxide used to balance the acid effluent from the air pollution control system.
Costs of other materials: activated carbon and membranes
Given that the costs of activated carbon contribute 25% to the total LCC of GAC, the effect of the costs of fresh and regenerated carbon on the LCC of GAC is considered here, using the cost data in Table 7 . In addition, the costs of the membrane modules used in nanofiltration are considered because of their significant variation (see Table 7 ).
The results in Figure 11 suggest that the total LCC of GAC are not affected significantly by the variation in the costs of activated carbon, changing only by 4%. A similar outcome was found for the total costs of NF, which varied by 1% with the costs of membranes. Figure 11 -Influence of the costs of activated carbon and membranes on the life cycle costs of granular activated carbon and nanofiltration (The chart bars show the mean LCC and the error bars the LCC for the minimum and maximum costs of these materials given in Table 7 )
Costs of digested and composted sludge transportation
As the transportation distances of the anaerobically digested and composted sludge to the agriculture field can differ from 30 km assumed in this work (see Table 4 ), this section shows the effect on the LCC if distances are 5, 15 and 50 km from the treatment facility ( Figure 12 ). The results reveal that the decrease of the transportation distance from 30 km to 15 km would reduce the mean LCC costs of anaerobic digestion from £18/1,000 kg to a mean profit of £1/1,000 kg and for composting the mean LCC would decrease from £99/1,000 kg to £81/1,000 kg. When the distance is decreased to 5 km from the facility, anaerobic digestion has a mean profit of £13/1,000 kg and composting a net LCC of £68/1,000 kg. On the other hand, increasing the distance to 50 km would result in a mean LCC for anaerobic digestion of £42/1,000 kg and £123/1,000 kg for composting. Therefore, the effect of sludge transport distances is much higher for anaerobic digestion than for composting. 3.5 Economic feasibility of wastewater reuse and resource recovery from sludge Expecting water crisis in certain regions, the European Commission has identified wastewater reuse as one of the options for more sustainable water management in the European Union (European Commission 2016 , Sanz & Gawlik 2014 . As a result, development of appropriate actions and regulations is being considered to enable safe reuse of wastewater in agricultural, industrial and urban environments. In the US, the Environmental Protection Agency (EPA) has already developed guidelines for implementation of different practices for direct and indirect wastewater reuse in locations affected by water scarcity (EPA 2012). Therefore, this section considers the economic feasibility of reusing the wastewater treated by the advanced treatments and compares them to the costs of potable water produced in conventional water treatment plants. In addition, the feasibility of different sludge treatment techniques is also discussed. The costs of the treatment technologies when coupled with an MBR are also discussed. MBRs are being increasingly adopted in Europe due to their efficiency in treating wastewater and also for enabling wastewater reclamation when combined with advanced treatment methods (Alturki et al. 2010 , Chon et al. 2012 . Thus, arguably, the total costs of wastewater reclamation should include both the MBR and advanced treatment costs.
The costs of MBR treatment at a medium to large scale (≥ 19,000 m 3 /d) are estimated at £150-£200/1,000 m 3 of urban effluent (Hai et al. 2014 , Singh et al. 2016 . If this cost is added to the costs of the advanced wastewater treatment estimated here, the total costs range from £312 to £438/1,000 m 3 (assuming the mean operating conditions for the advanced treatment). These costs are higher than the consumer costs of potable water in the UK, which range from £160 to £240/1,000 m 3 (South West Water 2015) . However, in regions relying on desalination as a source of freshwater, the costs range between £250 and £950/1,000 m 3 (Ghaffour et al. 2013) . Although these costs are not directly comparable to desalination costs in the UK, the combination of an MBR and advanced treatment methods could be considered economically feasible and could in the future be costcompetitive with desalination facilities for potable water. However, in addition to the costs, other aspects must be considered, including technical reliability of the advanced treatment methods, potential generation of hazardous by-products, regulation and social acceptance of wastewater reuse (Angelakis et al. 2018 , Hong et al. 2018 , Smith et al. 2018 , Soller et al. 2017 ).
The results of this work also demonstrate that the economic viability of some sludge handling alternatives is highly dependent on the recovery potential and sales of their products. Assuming the best case scenario with all the outputs sold, anaerobic digestion and pyrolysis could potentially be more profitable than the other methods. However, the products of pyrolysis are highly variable (both quality and quantity), which hinders their use. Taking this into account, anaerobic digestion could be considered more feasible than pyrolysis because the markets for the digested sludge and electricity from biogas are well established and their use is widely practiced.
To contextualise the above results, Figure 13 shows the daily costs of least costly treatment technologies integrated within a conventional WWTP with an MBR and sludge thickener, treating 64,000 m 3 /day. As can be seen, the costs of conventional treatment is estimated at around £12,700/day. Adding ozonation with pyrolysis, anaerobic digestion or incineration, brings up the total costs to £19,400-20,400/day, respectively, assuming their mean operating parameters and resource recovery. At the most favourable conditions, i.e. ozonation at its lowest operating requirements and sludge techniques with the highest revenues, the total cost of around £15,000/day is possible. NF can reach costs similar to ozonation (both with the respective sludge treatments) only at its best operating conditions. GAC would only be able to achieve costs similar to the ozonation (plus sludge treatments) when the former is operating at its best and the latter at the worst conditions. Otherwise, the mean costs of coupling NF and sludge treatment with the conventional wastewater treatment would range from £20,800-21,900/day. The equivalent mean costs of adding 19 GAC and sludge treatments would be £25,300-26,400/day. Thus, the advanced wastewater and sludge treatment would increase the costs of conventional wastewater treatment by 1.5-2.1 times. Table 3 and Table  4 ). GAC: granular activated carbon; NF: nanofiltration; OZO: ozonation; AD: anaerobic digestion; INC: incineration; PYR: pyrolysis.)
Conclusions
This study considered life cycle costs of advanced wastewater treatment methods aimed at recovery of potable water, alongside costs of different techniques for recovery of resources from sludge. Among the wastewater treatment options considered, ozonation is the least expensive, averaging £112 per 1,000 m 3 of treated secondary effluent. Solar photo-Fenton has the highest costs (£238/1,000 m 3 ), followed by granular activated carbon (£205/1,000 m 3 ). However, the costs vary significantly with the operating parameters. For example, in the best case the costs of granular activated carbon are comparable with the top range of the ozonation costs. Similarly, for the most favourable conditions solar photo-Fenton is competitive with nanofiltration. Nevertheless, ozonation is by far the cheapest option assuming its best performance, costing only £52/1,000 m 3 . These costs are currently lower than desalination costs and could also be competitive with conventional potable water in the future. These results can be used to inform development of future guidelines on the economic feasibility of wastewater reuse. However, consumer acceptance of reused water may be a significant barrier that should be explored further.
For the resource recovery from sludge, pyrolysis is the best option with an average net profit of £65/1,000 kg dry mater. Anaerobic digestion is the next least costly alternative with costs of £17.6, followed by wet air oxidation at £54. With the mean cost estimated at £ 98.9/1,000 kg, composting is the most expensive method for sludge treatment. However, there is a significant variation in the costs, depending on the assumptions for the sales of the products. For instance, the profits from pyrolysis would increase by a factor of four if all the outputs are sold, but if there is no recovery of products, its overall costs amount to £162/1,000 kg. Assuming the most favourable conditions, (£/day) incineration can operate at £54.3 but in the worst-case scenario, its costs exceed the maximum costs of anaerobic digestion (£102 vs £99.8/1,000 kg). Therefore, the economic viability of the sludge treatment options is highly dependent on the recovery rates and the revenue from the recovered resources and should be assessed carefully on a case-by-case basis for different sites and regions.
